Abstract-A dual Schottky diode-based ultrabroadband predistortion circuit (PDC) is designed and experimentally verified to linearize both directly and externally modulated radio-over-fiber (RoF) transmission systems. A monolithic dual Schottky diode is used in the PDC to reduce the footprint and improve the bandwidth. The measured S-parameters show that the circuit is able to work for up to 40 GHz. The theory of third order intermodulation distortion (IMD3) generation by the PDC is established, and calculated IMD3 agrees well with the measured. Two measures are used to verify the PDC: spurious-free dynamic range (SFDR) and error vector magnitude (EVM) for WiFi signal at 2.4 GHz. For a directly modulated RoF transmission linearized by the PDC, the SFDR is improved by ∼12 dB. For an externally Mach-Zehnder modulator (MZM) modulated RoF transmission linearized by the PDC, the SFDR is improved by higher than 5 dB from 2 to 30 GHz, and in particular higher than 12 dB from 2 to 5 GHz. For 2.4-GHz WiFi signal over the externally modulated RoF transmission linearized by the PDC, the EVM for WiFi signal is improved by up to 5.1 dB for back-to-back and 3.5 dB for 20-km SMF transmission.
I. INTRODUCTION
T HE dramatic increase in the use of mobile data consuming devices demands high capacity wireless networks. High frequency carriers can be used to provide broadband wireless access and effective frequency reuse. Microwave coaxial cables are costly to distribute and transmit wireless signals, and also have high loss for higher frequencies. Compared to the coaxial cables, optical fibers have several advantages, such as extremely broad bandwidth, low loss, and low cost. Combined with passive optical networks, such as fiber to the home networks, optical fibers can be shared for wireless access networks. Up to date, optical fibers have been widely used for back-haul and front-haul systems in wireless access networks. Due to the increased density of remote antennas, radio-over-fiber (RoF) technology has been proposed and used for front-haul transmission systems. RoF technology has the advantages: many remote functions moved to central stations and thus simplified remote base stations, supporting cognitive radio, and transparency to wireless signal protocols, etc.
Despite the fact that RoF transmissions offer many advantages, nonlinear distortion is pivotal in limiting the RoF transmission performance. This is because the RoF transmissions are based on analog optical transmission where optical subcarrier modulation is used [1] . The nonlinearities can be introduced by any inline optical and RF functional components that have nonlinear response characteristics, such as optical modulators and RF amplifiers. Among the generations of the nonlinear distortion, optical subcarrier modulation, i.e., direct modulation of a laser or external modulation of an external modulator, usually introduces dominating nonlinear distortion. Nevertheless, no matter the fact which function in RoF transmissions induces the dominant nonlinear distortion, the nonlinear distortions in RoF transmissions have very similar characteristics, i.e., the third order intermodulation distortion (IMD3) is the most detrimental to the RoF transmissions and has ∼π phase difference to the fundamental subcarriers.
To suppress the nonlinear distortion in an RoF transmission, digital, analog and optical linearization techniques have been developed. Adaptive digital linearization was demonstrated [2] , [3] , in which some higher order nonlinear distortion terms with memory effect can be included in the linearization model. However, the digital linearization is generally limited to narrow bandwidth, such as 100 MHz and below. Optical linearization is a technique using the nonlinear characteristic differences of optical components to suppress the total transmission nonlinear distortion, such as mixed polarization [4] - [6] and dual-wavelength linearization [7] - [9] . In addition, saturated semiconductor optical amplifiers (SOA) can also be used for the suppression of the nonlinear distortion generated by Mach-Zehnder modulator (MZM) and electro-absorption modulator (EAM) [10] , [11] . Generally, optical linearization is broadband. However, additional loss may be induced and the implementation may be only completed in modulator packaging process. The simple linearization technique is analog predistortion circuit (PDC) [12] - [17] . Analog PDC has the advantages of simple structure, low cost, low power consumption and ultra-high bandwidth. However, the suppression of nonlinear distortion using a PDC is typically limited to IMD3, and also the phase of the IMD3 generated by the PDC is not tunable, in addition to no memory effect included. In [12] - [15] , two Schottky diodes were employed as the predistorters, where an anti-parallel structure is used to suppress even order nonlinearities generated by the predistorters. When a single Schottky diode is used for the generation of the nonlinearities in an asymmetrical parallel structure [16] , a phase shifter is required to tune the phase of the generated nonlinearities. The drawback of the design in [16] is the fact that the broadband circuits cannot be achieved due to the limited bandwidth of the phase shifter. The design in [16] has a bandwidth from 2.22 to 2.7 GHz.
In RoF transmission systems, directly modulated laser, EAM, and MZM are commonly employed for optical subcarrier modulation. EAM is a semiconductor waveguide whose absorption spectrum is adjusted by an applied electric field. Increased electric field leads to higher absorption. Direct modulation is a method that the laser source is directly modulated by a bias current. When the bias current is higher than a threshold, the emitted optical power is nearly proportional to the bias current. MZM based on Mach-Zehnder interferometer structure is the most popular modulator due to its low chirp and multi modulation schemes. Recently, we proposed and designed an ultra-broadband analog PDC to linearize an RoF transmission where an EAM was used for optical subcarrier modulation [17] . This PDC was used to improve spurious-free dynamic range (SFDR) by the suppression of the IMD3 for a bandwidth up to 40 GHz.
In this work, we extend the study to evaluate the applicability of the PDC. The PDC is used to linearize both directly modulated RoF transmission using a laser and externally modulated RoF transmission using an MZM. In two-tone tests, the IMD3s and SFDRs are measured. Moreover, WiFi signal transmission over the RoF is also tested to verify the performance of the PDC for wideband wireless signals.
The rest of the work includes as follows. The schematic, layout, and theory are presented in Section II. The linearization of the directly and externally modulated RoF transmissions is verified experimentally in Section III. The conclusion is given in Section IV.
II. PRINCIPLE AND SCHEMATIC
In an RoF transmission system, there are two categories of nonlinearities. One is related to the nonlinear characteristics of the inline functional components, which is independent of power compression, such as external modulators, lasers, and RF mixers; and the other is related to the nonlinear characteristics of the inline functional components' power compression, which is power-dependent, such as RF amplifiers and photodetectors. Both nonlinearities induce nonlinear distortions in an RoF transmission. Generally, the phase of IMD3 generated in an RoF transmission differs around π from the phase of the fundamental subcarriers.
Fortunately, it was found that Schottky diodes have opposite nonlinear characteristics to RoF transmissions, which is easily verified by exploring the relationship of the input and output power [13] . The diode is the simplest and cheapest nonlinear component and its cut-off frequency can be higher than 100 GHz. So the Schottky diode can be used to design low-cost ultra broadband PDC. By placing a PDC in front of an RoF system, the nonlinear distortion can be suppressed by carefully tuning the bias current of the PDC.
The schematic of the proposed PDC is given in Fig. 1(a) . A 50 Ohm microstrip transmission line connects the input and output ports. A flip-chip dual Schottky diode is attached to the transmission line in parallel connection. The dual diode is a three-port chip and the two diodes are connected in anti-parallel. The two diodes have exactly the same Spice parameters. Two identical broadband resistors are connected to the dual diode. They are used to adjust the power flowing to the diode. Higher resistance leads to lower power transmitted to the diode so that the generated predistortion is weaker. However, the tradeoff is that the S 21 is improved with the higher resistance. Two broadband capacitors and inductors in Fig. 1(a) are used to build two bias tees. The two diodes are in an anti-parallel structure, so even order nonlinear distortion terms are suppressed at the output of the PDC. Even order nonlinear terms from the PDC also contributes to the generation of IMD3 in RoF transmission systems. In [12] - [15] , two Wilkinson power dividers (WPDs) are required for the anti-parallel structure. However, the WPDs are bandwidth limited since quarter-wavelength transformers are used. The WPD dimension is also large when the bandwidth to center frequency ratio is high. In the proposed scheme, no power divider is required because the anti-parallel diodes are integrated in the chip. So, the dimension of the circuit is reduced and the broadband operation from a few MHz to tens of GHz can be easily achieved. Compared to the PDC in [12] - [15] , only one DC current supply source is employed to bias the dual diode so the cost and footprint are both reduced. Both the diodes are forward biased. When the RF signal is transmitted from the input port to the junction, a small portion of the RF power flows to the dual diode and the predistortion components are generated. In this design, a dual Schottky diode (DBES105a from United Monolithic Semiconductors) is used as the predistorters. The series resistance, junction capacitance, reverse breakdown voltage, and saturation current of the diode are 4.4 Ohm, 9.5 fF, 5 V, and 3.5 x 10 −14 A, respectively. Fig. 1(b) shows the photo of the PDC prototype. The prototype consists of the PDC and two DC connection PCBs at the left and right sides, which are used for testing. The dimension of the PDC is 1 cm x 1 cm and the dimension of the test prototype is 2.4 cm x 1 cm.
The S-parameters of the PDC versus the resistance are simulated using ADS at frequency of 15 GHz and shown in Fig. 2 . The bias current in the simulation is 1.8 mA. When the resistance is increased, the S 11 is decreased and the S 21 is increased. The reason is that higher resistance makes less power goes into the diode and more power goes to the output port. So the S 21 is improved with the higher resistance. Furthermore, the characteristic impedance, input, and output connectors are 50 Ohm. Since the series resistance of the diode is only 4.4 Ohm, the resistance of the resistors has to be high enough so that the input impedance at the input port is around 50 Ohm. Otherwise, the reflection, i.e., S 11 , will be high. When the resistance is high, the RF power flowing to the diode is low, which leads to weak predistortion generation. So the bias current of the diode has to be reduced to generate strong predistortion. Considering the Sparameters and the requirement of the bias current of the diode, the resistance is set to 150 Ohm in the design. On the other hand, the generated predistortion can be tuned in magnitude by changing the bias current. So the PDC is adaptive to some extent.
Phase mismatch is detrimental to the linearization efficiency of the PDC. The main cause of phase mismatch is the parasitic effects in PCB design. Coupling induced parasitic capacitance and discontinuity induced parasitic inductance lead to the phase mismatch, especially for high frequencies. So the transmission line, chip attachment, and wire bonding need to be simulated to estimate the parasitic effects induced phase mismatch.
The Schottky diode can be modeled as a nonlinear resistor. The V-I characteristic of each diode in the dual Schottky diode is given as
where I s is the saturation current, α = q/nkT , q is the charge of an electron, k is Boltzmann's constant, T is temperature, and n is the ideality factor which is about 1.2. The diode junction voltage V consists of DC bias voltage V 0 and RF voltage v.
( 1) can be expanded in a Taylor series about V 0 and the current can be expressed as follows:
The components for higher than third order have low power and are negligible, so the RF current is
In the following derivation, only the IMD3 is considered among the third order components. The coefficient of the first term in (3) is the dynamic conductance of the diode, which is the reciprocal of the junction resistance of the diode, defined as
The equivalent circuit of the PDC is given in Fig. 3 by using nonlinear current method [12] . The load is matched to the transmission line whose characteristic impedance is Z 0 . To simplify the derivation, the distance from the generator to the diode is assumed to be one quarter of the wavelength. The distance from the load to the diode is L. R s and C j are the series resistance and junction capacitance respectively for each diode in the dual diode. R r is the resistance of the resistors connected to the diode. The junction capacitance is only 9.5 fF, so it is negligible. The input impedance at the position of the diode looking into the load and diode is given as
So the reflection coefficient at the position of the diode is
The input impedance at the position of the PDC input can be expressed as
The voltage applied to the input of the PDC is
where Z G and V G are the impedance and voltage of the generator, respectively. After transmission to the diode, the voltage applied to the diode is given as follows:
From (9), the voltage applied to the diode junction is obtained as
The voltage controlled current source i 2 is given as
In Fig. 3 , v 2 is the voltage with the current source i 2 applied to the diode junction. It is given as
Substituting (12) into the current source i 3 , it can be described as
The voltage at the position of the diode generated by the current source i 3 is given as
The RF output voltages of the fundamental and third order components are obtained from the voltages at the position of the diode after transmission through the transmission line. They are given as follows:
where β 1 and β 3 are the phase constants. 
III. EXPERIMENTS
S-parameters of the PDC at 0 mA bias are measured, which are shown in Fig. 4(a) . Flat S 21 is achieved from 10 MHz to 33 GHz except a drop to −5.9 dB at 25 GHz. The S 11 is lower than −10 dB from 10 MHz to 26 GHz, then is increased to −8.5 dB at 28 GHz and decreased to −10 dB when the frequency is increased to 32 GHz. At around 35 GHz, a peak up to −3 dB of the S 11 appears and the S 21 drops to −8 dB. When the frequency is increased to be higher than 35 GHz, the S 21 is increased to −3 dB and the S 11 is decreased to −30 dB. The fluctuations of the S-parameters with the frequency, in particular at ∼25 and ∼35 GHz, are due to resonances of parasitic capacitance and inductance. The most important influence of the PDC reflection is the possible damage to the RF power amplifier and transmitter. The reflection also induces high voltage standing wave ratio that leads to overvoltage on transmission lines. The reflection of about −10 dB is typically required. A higher reflection will surely reduce the power transmission. Moreover, no obvious phase distortion is observed due to the reflection.
A. PDC
A two-tone test is conducted for the PDC to measure the RF power of the fundamental and IMD3 components generated by the PDC. The bias current of the PDC is tuned from 0 to 5 mA. The frequencies of the two tones are 10 and 10.002 GHz. Fig. 4(b) shows that the RF fundamental component is reduced by 3.2 dB as the bias current increases from 0 to 5 mA. The IMD3 has the highest power of − 48.6 dBm at 0.1 mA and decreases to − 82 dBm at 5 mA. Fig. 4(b) also shows that the fundamental to IMD3 ratio can be adjusted by tuning the bias current of the PDC. However, the ratio range is limited so the PDC should be designed considering the specific nonlinearity of RoF transmission, i.e., choice of the resistance of the resistors is important. In this design, the resistance is 150 Ohm. The calculated RF power of the RF fundamental component and IMD3 based on the model derived in Section II is also given in Fig. 4(b) . It can be seen that the calculation agrees well with the measurement. The parameters used in the calculation are given in Table I .
B. Linearization of Directly Modulated RoF Transmission
The PDC is first tested in a directly modulated RoF transmission system. Direct optical subcarrier modulation is considered low-cost and the implementation is simple. Nonlinearities in a directly modulated RoF transmission system are mainly from the optical subcarrier modulation of a laser. The experimental setup for the linearization of a directly modulated RoF transmission system is given in Fig. 5 , where SCM Fiber Optic Link from MITEQ is employed. Two RF signal generators are used for the two-tone test. The frequencies are 8 and 8.002 GHz. The optical transmitter is a DFB laser integrated with a low noise amplifier (LNA) and a transimpedance amplifier (TIA), and the output optical power is 5 dBm. The optical receiver is a photodiode (PD) with a TIA followed by a low noise amplifier (LNA). They are connected in back-to-back (BTB). A spectrum analyzer (SA) from Advantest is used to measure the RF output power. The photo of the experimental setup is given in Fig. 6 . Firstly, the RF input power is set to −10 dBm for each RF signal generator. The bias current of the PDC is tuned to achieve the maximal suppression of the IMD3. Fig. 7 shows the measured RF output power of the RF fundamental and IMD3 components. It can be seen that the maximal suppression of the IMD3 is achieved at a bias current of 0.8 mA. The IMD3 is suppressed from 63.3 to 91 dBm for the bias current from 0 to 0.8 mA and increased from −91 to 74.3 dBm for the bias current from 0.8 to 2 mA.
The bias current is set to 0.8 mA for the maximal suppression of the IMD3. Fig. 8 shows that the measured spectra without and with the PDC for −5 dBm RF input power. It depicts that the fundamental component is reduced by 2.4 dB due to the insertion loss of the PDC and the IMD3 is suppressed by 18.7 dB. Considering the 2.4 dB insertion loss to the RF fundamental component, the effective suppression of the IMD3 is 11.5 dB. That is, the IMD3 is 11.5 dB below what it would be if the RF input power was reduced by 2.4 dB without the PDC present. Moreover, it is found that the fifth order intermodulation distortion (IMD5) is suppressed by 4.6 dB. However, the IMD5 is increased by 7.4 dB actually when the insertion loss is considered. It means that the IMD5 is increased by the PDC when the systems without and with the PDC are compared for the same RF output fundamental power level.
The measured SFDRs without and with the PDC are given in Fig. 9 . It is shown that the power at the IMD3's frequency using the PDC is fifth order limited. This means that the IMD3 is eliminated and the IMD5 becomes dominated. In Fig. 9 , the SFDR is improved from 105.6 dB × Hz 2/ 3 to 117.5 dB × Hz 4/ 5 . Thus, 11.9 dB improvement is obtained. So the directly modulated RoF transmission is linearized by the PDC, with SFDR improvement of about 12 dB.
C. Linearization of Externally MZM Modulated RoF Transmission
Compared to the direct modulation, MZM provides higher bandwidth and lower chirp. The experimental setup for this case is given in Fig. 10 . An MZM (T•DEH1.5-40PD-ADC from Sumitomo Osaka Cement) is used as the external modulator. The operating wavelength, insertion loss, bandwidth, and extinction ratio of the MZM are 1550 nm, 6 dB, 40 GHz, and 20 dB, respectively. Two tests are conducted to verify the PDC in the system. One is a two-tone test from 2 to 30 GHz. The other is a WiFi signal transmission test at 2.4 GHz. For the two-tone test, the frequency spacing is 2 MHz. Two RF signals are combined by a broadband RF combiner, and boosted by a broadband power amplifier (PA) (TA0L50VA). It has a gain of 30 dB, a saturated Fig. 12 . The MZM is biased at its quadrature point of 4.8 V so that the optical single sideband (SSB) modulation is achieved. After photodetection by a 40 GHz PD (Discovery Semiconductor), the signals are amplified by a broadband a PA (SHF810) and measured by a SA (U3722). The PA has the gain of 30 dB, return loss of −15 dB, NF of 6 dB, and output P 1dB of 17 dBm. The photo of the experimental setup is given in Fig. 11 .
The measured RF spectra without and with the PDC at 10 GHz are given in Fig. 13 . The bias current of the PDC is adjusted to 1.5 mA for the maximal suppression of the IMD3. Fig. 13 shows that the IMD3 is suppressed effectively by 1.3 dB. When the RF output power is −30 dBm for both systems without and with the PDC, the IMD3 is suppressed from −85.9 dBm to −87 dBm by the PDC. However, similar to Fig. 8, Fig. 13 also shows that the IMD5 is increased. This is induced by the IMD5 generated by the PDC. In fact, the IMD5 induced by a PDC could be in antiphase with that induced by an RoF system. The power level of the IMD5 from a PDC depends on the properties of the diode, so the IMD5 can be decreased to a proper power level by choosing a suitable diode so that the IMD3 and IMD5 from an RoF system can be suppressed simultaneously by a PDC. So the linearization of an RoF system by an analog PDC can lead to more improved performance.
The PDC generated nonlinear products will interact with all each other including fundamental subcarriers, through optical subcarrier modulation and RF amplification. However, the power of the PDC generated nonlinear products is at least 20 dB lower than the fundamental subcarriers. So, compared with intermodulation by the interaction between fundamental subcarriers, the intermodulation by the interaction between the PDC generated nonlinear products and fundamental subcarriers is negligible. Fig. 14 shows the measured SFDRs without and with the PDC. It is shown that the IMD3 is suppressed and the IMD5 becomes dominant. The SFDR is improved by 8.8 dB. Moreover, SFDRs for RF carrier frequency from 2 to 30 GHz are measured and given in Fig. 15 . It can be seen that the SFDRs are improved by 12 dB and higher for RF carrier frequency from 2 to 5 GHz and 5 dB and higher for RF carrier frequency from 2 to 30 GHz. Because of the accumulated loss in the system, the improvements of the SFDRs for higher frequencies are decreased. Fig. 15 illustrates the fact that the PDC is able to linearize broadband RoF systems for RF carrier frequency from very low frequency to 40 GHz.
It is noted that the bias current of the PDC is adjusted slightly for the optimal performance for different RF carrier frequencies. For RF carrier frequency from 2 to 30 GHz, the bias current of the PDC is around 1.6 mA with a variation of less than 0.5 mA. The adjustment of the bias is caused by the variation of the accumulated system loss. When the system loss is changed, the fundamental subcarriers to IMD3 power ratio is also changed. So the predistortion needs to be tuned by adjusting the bias when the frequency is changed.
In order to evaluate the PDC performance for wideband signals, the frequency spacing in two-tone test is adjusted. The frequency of one RF tone is fixed at 2.4 GHz and the frequency of the other RF tone is increased from 2.402 to 2.440 GHz by a step of 2 MHz. The RF output power is −20 dBm for both systems without and with the PDC. The measured power of the IMD3s is shown in Fig. 16 . It can be seen that the power variation of the IMD3 without the PDC is lower than 1 dB. So the IMD3 without the PDC is almost independent of the frequency spacing. In the two-tone test with the PDC, the minimum power of the IMD3 is −82.3 dBm for the spacing of 6 MHz and the maximum power is −74.3 dBm for the spacing of 10 MHz. However, when the frequency spacing is higher than 10 MHz, the power of the IMD3 is stable, which shows that the PDC suppresses the IMD3 no matter of the frequency spacing.
In addition to the two-tone test, a WiFi signal transmission is also used to verify the linearization performance of the PDC for wideband signal. The experimental setup is shown in Fig. 10 26 dB, an output P 1dB of 24 dBm, and a NF of 3 dB. A digital storage oscilloscope (DSO) (81204B from Keysight) is used to demodulate the WiFi signal. The variable amplifier is adjusted so that the RF input power to the MZM is kept the same for both the RoF transmission systems without and with the PDC. The WiFi signal is verified for BTB and 20 km single mode fiber (SMF) transmission.
The measured output RF spectra of the WiFi signal are shown in Fig. 17 . The 20 km SMF induces about 8 dB loss. The loss of the SMF is about 0.2 dB/km. However, several fiber spools are used to obtain the length. The connections between optical fiber spools induce more loss. Fig. 18 presents the measured constellation diagrams and EVMs without and with the PDC, respectively. The RF input power to the MZM is set to 8 dBm. For BTB, the EVM is improved from −25.1 to − 30.2 dB. For 20 km SMF transmission, the EVM is improved from −25.9 to −29.4 dB. The measured constellation diagrams clearly show improvements using the PDC. Fig. 19 shows the measured EVMs versus the RF input power to the MZM for BTB and 20 km SMF RoF transmission without and with the PDC. The gain of the variable amplifier in front of the PDC is adjusted by 1 dB step to change the RF input power to the MZM. The RF input power to the MZM is from −11 to 8 dBm. Fig. 19 shows that it is obvious that the EVMs without the PDC are higher for both low and high RF input power. The reason is that the noise is dominant for low RF power and the nonlinearities are dominant for high RF power. It can be seen that the EVM is improved by the PDC except for low power level. The PDC improves the EVM by more than 0.4 dB for the RF input power from −11 to 8 dBm. This shows that the PDC is able to linearize the RoF system in a broad RF input power range. When the RF input power is increased, the improvement of the EVMs is also enhanced for both BTB and 20 km SMF transmission. For BTB, the improvement of the EVM is higher than 1 dB for the RF input power from − 4 to 8 dBm. The maximal improvement of 5.1 dB is achieved at 8 dBm RF input power. For 20 km SMF transmission, the improvement is higher than 1 dB for the RF input power from − 2 to 8 dBm. The maximal improvement is achieved at 6-dBm RF input power. Here the maximal improvement of the EVM is 3.5 dB and it is 1.6 dB lower than that for BTB. This is due to the deteriorated signal-to-noise ratio induced by the optical fiber loss. The WiFi test shows that the PDC can effectively linearize 20 km SMF RoF transmission for a wideband RF signal.
IV. CONCLUSION
To linearize both directly and externally optical subcarrier modulated RoF transmission systems, a dual Schottky diode based ultra broadband PDC has been designed and verified experimentally. Because a monolithic dual diode is used in the PDC, the working frequency range is extended to cover a band from a few MHz to tens of GHz. The measured S-parameters show that the PDC can work from 10 MHz to 40 GHz. The theory to predict the generated IMD3 by the PDC is established and compared to the measured. The predistortion is adaptive by tuning the bias current of the PDC. It is shown that a SFDR improvement is ∼12 dB using the PDC to linearize a directly modulated RoF transmission. Using the same PDC to linearize an externally modulated RoF transmission, SFDR improvements of higher than 12 dB for RF carrier frequency from 2 to 5 GHz and higher than 5 dB for RF carrier frequency from 2 to 30 GHz are obtained. It is found that the IMD3 in RoF is eliminated by the PDC and thereby the RoF is limited by the IMD5. Moreover, a WiFi signal at 2.4 GHz is verified in the externally modulated RoF transmission system for both BTB and 20 km SMF transmission. The maximal improvements of EVMs are 5.1 dB for BTB and 3.5 dB for 20 km SMF transmission. It is proved that the low cost ultra broadband PDC is able to linearize both directly and externally modulated RoF transmission systems. His current research interests include radio over fiber systems, quantum-dot semiconductor lasers, broadband photodiodes and mode division multiplexed fiber optic transmission. Her current research interests include RoF transmission systems and digital signal processing.
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